Abstract-One of the significant challenges in capsule endoscopy (CE) is to precisely determine the pathologies location. The localization process is primarily estimated using the received signal strength (RSS) from sensors in the capsule system through its movement in the gastrointestinal (GI) tract. Consequently, the wireless CE (WCE) system requires improvement to handle the lack of the capsule instantaneous localization information and to solve the relatively low transmission data rate challenges. Furthermore, the association among the capsule's transmitter position, capsule location, signal reduction, and the capsule direction should be assessed. These measurements deliver significant information for the instantaneous capsule localization systems based on time-of-arrival approach, phase difference of arrival, RSS, electromagnetic, direction of arrival (DOA), and video tracking approaches are developed to locate the WCE precisely. This review introduces the acquisition concept of the GI medical images using the endoscopy with a comprehensive description of the endoscopy system components. Capsule localization and tracking are considered to be the most important features of the WCE system, thus this paper emphasizes the most common localization systems generally, highlighting the DOA-based localization systems and discusses the required significant research challenges to be addressed.
colonoscopy and gastroscopy can scope part of the gastrointestinal (GI) tract. Patients feel very uncomfortable due to the long duration of the endoscopy examination process. Additionally, several side effects can occur, such as intestinal wall perforation, breathing difficulty, and infection during the inspection time [1] . Consequently, in order to avoid the traditional endoscopy drawbacks, Iddan et al. [2] presented wireless capsule endoscopy (WCE) in order to diagnose GI conditions without the need for any sedation [3] . The WCE provide benefits for both the physician and patient since it is precise, portable, and noninvasive for the inspection of the human body's GI tract. The WCE is a capsule size medical device that captures internal images of the human intestine during its movement. It is equipped with a radio frequency (RF) transmitter, camera, and a battery to transmit wirelessly the captured image to an exterior receiver that is placed outside the human body. WCE noninvasively assesses the entire small bowel with superior ability to detect the significant mucosal diseases, including polyps, ulcers, and angiodysplasia compared to traditional endoscopy [4] .
In order to link the captured images from a certain region within the patient body with the WCE location, the localization processes becomes essential. Predominantly, in the WCE, the localization process depends on the emitted signal from the equipped sensors within the capsule and the detected signal strength through its movement in the GI tract. It is based on the labeled and identified images of the stomach entrance, the pylorus, and the ileocecal valve. Typically, the localization process depends on the offline processing of the RF signal level of a sensor array placed outside of the body. However, since the digestive system is unpredictable and an extreme environment, several researchers are interested in developing WCE localization algorithms. Numerous WCE localization approaches have been proposed, including electromagnetic localization methods, RF localization techniques, the image-based localization, as well as DOA-/TOA-based endoscopy capsule localization [5] .
The electromagnetic localization techniques usually consist of magnetic axial sensors embedded in the capsule with attached energized coils to the patient's abdomen. The capsule's location/orientation is determined using the magnetic dipole data. Typically, optimal algorithms are employed to process the data from a number of sensors to provide high localization/positioning accuracy as well as orientation tracking [6] . The 1937-3333 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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magnetic localization methods consist of permanent-magnetbased localization and coil-based localization techniques. The coil-based technique is relatively insensitive to noise; however it requires external excitation. Instead, the permanent-magnetbased technique does not entail an exterior excitation. Thus, it is positioned in the WCE along with magnetic sensors located outside of the human body to determine the magnetic field intensities created by the magnet in dissimilar spatial points. In addition, in the patient's body, image-based capsule localization techniques can be employed to localize the capsule position using image features. The image-based localization links the change in the features for any consecutive image pair to estimate the orientation/speed of the WCE [5] . The RF-based WCE localization requires an RF transmitter and associated antennas surrounding the human body. Processing the antenna signal determines the received signal strength (RSS) along with a tracking procedure to define the capsule location in the body organs. Several techniques have been proposed for accurate capsule localization, where the exact capsule location is critical for the physicians in order to track the capsule motion and to know the capsule position related to the captured image [7] . The preceding localization techniques have some restrictions [5] , including 1) the magnetic-based localization requires a large number of sensor arrays to determine the WCE magnetic flux and 2) the image quality, including the image distortion/ resolution affects the image-based localization performance, where inadequate features and image distortion increases the localization error of the image-based approach. However, the RF-signal-based technique has several advantages, where it requires low-cost hardware for implementation and has application-non-specific properties. Typically, the classic RF-signalbased localization techniques estimate location-dependent signal parameters including the angle of arrival (AOA), time of arrival (TOA), or the RSS. Due to the signal reflections at the body organ boundaries, the common TOA-/DOA-based techniques do suffer from multipath conditions [7] . Consequently, there is a need to propose accurate DOA-based endoscopy capsule localization techniques.
Consequently, the present study has focused on WCE localization techniques. In addition, in this paper, an example of the WCE as a robotic endoscopic capsule is also demonstrated.
II. GI MEDICAL IMAGE ACQUISITION USING ENDOSCOPY
The first wireless endoscopic system is the WCE that was launched in 2001 as a clinical product termed M2A by Given Image Ltd. The 11 mm × 26 mm M2A capsule is illustrated in Fig. 1 [6] , where the M2A capsule components include the lens holder, optical dome, lens, complementary metal-oxidesemiconductor (CMOS) imager, illuminate LEDs, battery, RF transmitter, and the antenna. Initially, this active WCE is swallowed by the patient to start capturing photos through its movement in the GI tract. It passively traverses the food tract by ordinary peristaltic GI system movement until it reaches the colon. The captured images are relayed through the transmitter using an RF signal to the attached antenna array in the patient's body. Afterward, this signal is conveyed to a data-recorder worn on a belt. Inside the patient's body, the position triangulation of the capsule is monitored by the sensor array so that the capsule path trajectory can be later presented on a monitor. The patient's examination initiates by attaching antennas to the chest of the patient to be coupled to the worn data recorder. Immediately, the capsule acquires images though the RF transmission. Nevertheless, it takes long time for the capsule to go through the whole GI tract. Finally, the WCE is reflexively ejected from the human body.
However, this effective method suffers from relatively high power consumption of the camera and RF components, which leads to a limited 8-12 h WCE lifetime to examine the small intestine and large intestine. Increasing functionality is a critical requirement for endoscopic system platforms. The image sensor and processing interpolation/engine systems are significant to achieve effective resolution. Typically, endoscopic system equipment necessitates increased processing performance, where image sensor technology develops higher resolution streams [8] . Furthermore, it is difficult to control the capsule's location/orientation, which may lead to missing the captured images of some spots [6] . In order to manage these limitations, a new wireless robotic capsule endoscope (CE) system can be employed to control the movement of the capsule externally.
III. ROBOTIC ENDOSCOPIC CAPSULES
WCEs can be passive (noncontrolled) or active (controlled) locomotion. All active endoscopes use a wire to control the capsule movement and as a transmit medium for transmitting the captured images for external viewing. A new method of impelling the capsule using a magnetic accurator was proposed by Sendoh et al. [9] . In order to control the capsule movement, a permanent magnet was used with an external rotational magnetic field. In order to control the capsule locomotion, a new driving system was designed by Hu et al. [6] , where a small permanent magnet was used. Furthermore, an orientation/localization system was compulsory for external locomotion of the capsule. A robotic capsule platform typically entails several modules, including vision, localization, locomotion, powering, telemetry, and diagnosis/treatment tools.
A. Locomotion
Locomotion is a vital aspect of designing a robotic endoscopic capsule. The active locomotion implementation in an endoscopic swallowable capsule can follow one of the following strategies, namely embedding on-board internal locomotion system (miniaturized locomotion system) or using an external locomotion that relies on magnetic field sources [10] . The internal locomotion methods target the entire intestine, whereas the external locomotion methods use permanent electromagnets/magnets and involve external field sources to provide steering and navigation.
B. Localization
The capsule orientation/position is essential for localization of lesions of the GI tract by providing feedback for capsule motion to determine future follow-up treatment. Commercial WCEs employ several localization strategies on electric potential values or a single electromagnetic sensor coil. Spyrou et al. [11] designed a tracking technique based on image processing approaches using three-dimensional (3-D) reconstruction procedures based on consecutive frames registration. Numerous researchers have instead been motivated to propose localization approaches based on electromagnetic waves and magnetic fields. Typically, low-frequency magnetic signals can penetrate human tissue without attenuation; in addition, the magnetic sensors do not necessitate the line-of-sight condition for detecting the capsule. However, the size of the required permanent magnet is limited by the capsule dimensions, which in turn limits the accuracy of the results. Numerous methods can be used in applications requiring active actuation systems. Kim et al. [12] employed magnets inside the WCE, where the capsule can be rotated by the force of an exterior rotating magnetic field. Inside the capsule, three hall-effect sensors were used to determine the capsule position/orientation. A localization system was recommended by Salerno et al. [13] , which was compatible with the exterior magnetic locomotion using a triangulation procedure. A custom on-board triaxial magnetic sensor was used for detecting the capsule in the GI tract. In addition, Salerno et al. established an online localization system by embedding a 3-D accelerometer with premeasured magnetic field maps and a 3-D Hall sensor. Natali et al. [14] presented a localization algorithm, which was compatible with magnetic manipulation of the capsule by employing multiple sensors. In addition, the RF signal has been extensively employed to locate objects in both indoor and outdoor environments to attain high accuracy.
IV. WCE LOCALIZATION
Colonoscopy dominated the market for several years before the invention of WCE. It was considered the main procedure to conduct GI tract; however, it is unable to offer inspection inside the small intestine. Compared to the colonoscopy, WCE offers a comfortable, noninvasive, and nonembarrassing method to inspect the patients' GI tract. The WCE device records images of any abnormalities inside the GI tract at a comparatively high rate to assist physicians diagnose and plan treatment. The WCE RF and visual localization accuracy is a critical issue, thus Zhou [15] attached two miniature cameras to the capsule in order to capture thousands of images during the capsule path through the GI tract. The captured images have a frame rate that varies from 2 to 8 frames/s to perform pseudovideo. The most significant aspect of a WCE examination is to determine the accurate capsule position in order to recognize the detected intestinal abnormality/disease position. Consequently, several localization systems have been developed to precisely localize the WCE. The magnetic field methods, TOA-based methods, video-based methods, RSS-based techniques, and the video-aided hybrid localization methods are different localization approaches. The RF localization possibility of the WCE has been discussed [16] . The localization of WCE using RF signals is particularly complex due to the complicated environment inside the human body. The RSS localization accuracy inside the human body has been previously considered [17] resulting in an average 50 mm localization error in the human GI tract. In addition, the impact of the topology and the number of sensors on the localization accuracy need to be investigated further.
Moreover, researchers have been interested in TOA-based WCE localization. The foremost challenge for TOA-based localization of WCE is the mass of the human body. There are two directions in the TOA-based localization for heterogeneous tissue to find the signal trace and homogeneous tissue to conduct simulations. Furthermore, recently one of the evolving localization methods is the phase difference of arrival (PDOA). Previously, for body area network (BAN) localization, the PDOA has been considered as an inappropriate localization technique due to ambiguity. However, for in-body circumstances, the range between the transmitter and the receiver can be within several centimeters thus enhancing the opportunity of using PDOA.
V. WCE COMMUNICATION MODEL
The WCE communication system consists of a transmitter, a transmission channel, and a receiver. In order to determine the WCE position, the electromagnetic wave propagation of the capsule communication channel through the human body can be employed [18] , [19] . However, the small intestine near wall structure within the human body material influences the position localization results. Thus, in the human body model, optimally designed transmitting and receiving antennas are essential for the communication system. Several studies have been conducted on the WCE system's antennas, such as the confocal antenna. These antennas are spaced inside the capsule for powerful batteries and more devices. Thus, the antennas can be attached or printed on the external or internal capsule surfaces' shell. However, the antenna's frequency detuning is required due to the effect of human body materials. In addition, the spiral antennas can provide a large border for the frequency shifting due to human organs' different material properties. Thus, the spiral antenna can be used in the capsule design [20] [21] [22] . Consequently, a spiral antenna can be used in the WEC transmitter using its advantages of low profile, omnidirectional radiation pattern, and small size.
VI. IMAGE-BASED CAPSULE LOCALIZATION
Due to the development of image processing algorithms, video-aided localization is prevalent, especially with the birth of cyber-physical systems to provide the ability to track the WCE in motion. Recently, researchers are interested with the extension of the capsule functionality, including effective wireless power supply and autonomous locomotion system making the next generation of endoscopy capsule development extremely challenging. One of the active WCE tracking procedures is based on image processing for estimating the capsule position on the foundation of the acquired images. Such techniques include principal component analysis, vector quantization, and various machine learning techniques. For capsule localization problems, various techniques have been addressed based on the discrete cosine transform or fast Fourier transform for color change pattern analysis [31] [32] [33] [34] [35] [36] . The data processing procedures can be elaborated in the virtual colonoscopy (VC) for achieving real endoscopic images from the capsule, for potential registration of the VC, and for capsule navigation and localization tracking.
VII. CONCEPT OF DIRECTION OF ARRIVAL (DOA)-/TOA-BASED ENDOSCOPY CAPSULE LOCALIZATION

A. DOA Estimation and Tracking
For array signal processing, the DOA estimation (DOAE) is a pervasive task that has a significant role in several applications including sonar, medical imaging, astronomy, radar, wireless communications, acoustics, and military applications [23] [24] [25] . The DOAE of a signal is an effective approach for developing the received signal quality using smart antennas, which consist of a large number of antennas along with signal processing algorithms to improve the received signal and determine the DOAE from the signal quality point of view. The antenna can be arranged as a 2-D linear/circular array, or as a 3-D cubic/spherical array. This antenna array is used for information transmission in a certain area or to estimate the DOA of a signal. Thus, the received signal quality enhancement is based on the performance of the employed method that used in the DOA of the signal. The DOAE algorithms are complex, where their performance relies on several parameters, namely the position, the used number of antennas, the antenna directivity, the spacing between the antennas within the array, and the number of signal samples in the DOA estimation process. The basic concept of the DOA estimation is to focus/maximize the reception of the estimated/main direction and to reject all the received interferences from other directions. Numerous techniques have been established to estimate the signal DOA, such as the conventional techniques (Bartlett and Capon), subspace-based techniques [e.g., Estimation of Signal Parameters via Rotational Invariance Techniques (ESPRIT) and the MUltipleSIgnal Classification (MU-SIC)], maximum-likelihood techniques, integrated techniques, and local polynomial approximation beam-former [26] [27] [28] [29] [30] .
B. Sensor Array
Owing to the extreme use of low end of the spectrum, researchers are interested in finding higher frequency bands for more applications. However, with higher data rate and higher frequency, cross interference and multipath fading become the main issues. Thus, smart antenna systems with higher communication capacity are employed to solve these problems. Such systems proved to be very active in multipath signals and interference suppression. Using innovative signal processing along with an array antenna system instead of a single antenna can improve the DOA estimation resolution. In wireless systems, the receiving antennas can assemble signals, which are emitted by different sources. Assume D signals that attain from different D directions are received by an array of M elements with M weights. Each received signal, xm(k),can be represented by the kth time sample to produce the array output y that is given by [31] 
wherē 
C. DOA and TOA Estimation
DOA-and TOA-based localization systems have a significant role in the WEC. One-way TOA measurement involves time synchronization between the transmitter and receiver [32] . In order to avoid the synchronization constraint, the two-way TOA measurement can be conducted. For WCE localization, such system may consist of a 2-D cylindrical array, which feeds a signal transmitter and single/multiple receiver. For localization purposes, the setup does not necessitate wearing a special jacket, where the emitter transfers the signal to the WCE. Afterward, the WCE responds and processes the signal back to an antenna array to compute the DOA, TOA, and the total time of the signal transmission. The DOA and TOA computation procedure is similar to the passive radar technique. The transmission and WCE localization processes are based on the wireless local positioning system, which contains a transponder (TRX) and a dynamic base station (DBS) [33] . The signal transmitter and antenna arrays are considered as a DBS and the WCE is considered as a TRX. Typically, the cylindrical antenna array is placed around the patient's body and processes complex algorithms for the DOAE through beam-forming techniques. Furthermore, an inertial measurement unit (IMU) is used to equip the WCE for measuring the acceleration and orientation of the capsule. Thus, the WCE transmitted signal consists of image/IMU information. Nevertheless, over the time period, the IMU noise may lead to drift error in the localization process because of the random walk process of the patient during estimating the WCE motion using only the IMU measurement [34] . Consequently, the DOA and TOA additional measurements are employed to solve the localization drift error.
VIII. WCE LOCALIZATION TECHNIQUES
Object localization and tracking are critical issues in several medical applications. The most common localization approaches work based on different ways through 1) magnetic tracking of a permanent magnet positioned inside the capsule by exterior magnetic sensors; 2) the capsule's emitted RF signals that can be determined by antennas located outside the abdomen; or 3) external magnetic field sources to localize the magnetic sensor inside the capsule. The localization of WCE can be determined by analyzing the transmitted and received signals. For looking inside the GI tract, among the localization approaches, TOA is considered one of the predominant techniques for acquiring accurate localization. Nevertheless, conducting experiments on the in-body TOA localization using inside real body, including inhibition and nonhomogeneous environment inside the human body is complex. Thus, finite-difference time domain [35] [36] [37] can be employed.
A. RSS-Based Localization
A model of the association between the RSS and distance for known radio channel circumstances can be designed [38] . All localization procedures depend on a proposed model to acquire the results. The path-loss model has an imperative role for RSSbased WCE localization. It is necessary to develop a precise in-body of the surface path-loss model to increase the positioning accuracy. Typically, close receiver location to the transmitter leads to a strong signal being received and this may be applied to the RSS-based WCE localization methods. Consequently, the path-loss model can be used to formulate the relationship between the RSS and the distance between transmitter and receiver as follows:
where P (d 0 ) is the path loss at a specific distance from the transmitter, T p is the transmitting power, β is the power gradient from the in-body tissue to the body surface, and S signifies the shadow fading for the Gaussian distribution.
B. TOA-Based Localization
TOA is measured based on the time of RF signals to travel between the transmitter and receiver, where the receiver location is typically unknown. The TOA-based localization methods are well known due to their high accuracy compared to the RSSbased localization methods [39] . Its ranging distance can be gained by calculating the product of the measured TOA and signal propagation velocity:
where ε r signifies the RF signal velocity in a specific medium. Typically, the RF signal travels with different speeds via different organs, where the human body entails heterogeneous tissues with dissimilar electrical properties including conductivity and relative permittivity. Inside the human body, the speed variation becomes the major ranging error source in the ToAbased localization. Generally, high accurate synchronization requirement is essential which is indicated by a TOA error less than 1 ns, where the localization resolution in and around the human body are frequently ranging from centimeters to decimeters. In order to solve such a drawback, the TDOA can be applied. For TDOA, in order to measure the received signals, two or more reference nodes are allocated. Afterward, the time difference is derived by collecting the received signal arrival time. The main difficulty of employing the TDOA technique is the synchronization constraint and the required collaboration among all the allocated nodes.
C. Phase of Arrival (POA) Based Localization
Recently, the POA approach has become popular due to the widespread of radiofrequency identification (RFID). It has been further developed BAN applications in the form PDOA. Since numerous methods have been established to estimate the capsule location based on the transmitted RF signal from inside the human body to the sensor in the human body surface or to any additional sensor inside the human body. A novel spatial sparsity based localization technique has been proposed to directly estimate the capsule location without intermediate phase of first estimating the TOA or RSS [40] . Afterward, a second phase of estimating the location has been conducted in order to achieve better localization accuracy in the BAN applications. Studying the channel model in and out of the body becomes essential.
Usually, the TOA-based ranging technique requires wider bandwidth, where using narrow-band signal suffers from the ambiguity problem. In addition, the RSS-based ranging has low position localization accuracy. In order to overcome such drawbacks, using PDOA-based approaches for BAN applications becomes essential. Consequently, localization algorithms aim to extract a sequence of capsule location estimates from the measured RF signal of the sensors. The capsule's localization system is designed to assist physicians to define the relative location of the detected abnormalities. The received signal levels of the sensor array are organized together with the image data. Therefore, the localization algorithms are designed to provide consistent and robust observations, where the strongest signal can be received based on the sensor location. The sensors' locations relative to the umbilicus can be precisely defined and represented graphically. Typically, the localization processing results are a 2-D estimate of the location of the capsule at a specific time.
IX. RESEARCH DIRECTIONS AND CHALLENGES
Early endoscopic devices were lit by external inflexible light sources. Therefore, they were limited in terms of their usability. Subsequently, more modern endoscopes have become very compact small diameter flexible tube devices, including a light source, CMOS chip or a charge-coupled device for capturing images of the GI tract, and other equipment to take tissue samples. These endoscopes were unequipped with a digital imaging chip, but with an eyepiece lens and fiber optics. Imaging abilities, including illumination, modality, and sensor characteristics are considered the most significant features in designing WCE systems [10] . The sensor/lens position determines the region imaged by the WCE. Most of the image sensors are attached to the capsule. Lenticular lens arrays or microlens arrays are established in laparoscopic surgery to deliver a multiview image using a single sensor. Generally, the capsules should offer a widespread field of view (FoV) to detect an adequate image of the tissue walls [41] . In the capsule design, the telemetry subsystem forms a bottleneck due to the size constraint limitations of the wireless communication system. Furthermore, video-based motion tracking is a critical issue, where at least one camera is used to equip the WCE to offer visual inspection of the GI tract and to track the capsule movement.
However, the inspection of the GT using the traditional endoscope is considered uncomfortable procedure for the patient along with the potential side effects, such as infection, organ perforation, and hemorrhage. Consequently, there is much research to cope with these difficulties. Exclusively, the small intestine is problematic due to its very long and convoluted path. Thus, the endoscope cannot be used to examine the entire length of the small intestine. This leads recently to develop a superior diagnosis tool for the small intestine, namely the WCE. This WCE is basically contains a lens, light source, radio transmitter, camera, and batteries. Afterward, the capsule travels via the digestive system, driven by peristalsis, and automatically captures a massive number of images during the 8-h traveling time. These images are wirelessly transmitted to a recorder/receiver worn outside the patient's body [42] .
Generally, the BAN, also termed the body sensor network or wireless BAN (WBAN), is a wireless wearable network of computing devices or can be implants, embedded inside the body, mounted on the body surface in a fixed position or can be accompanied devices that humans can swallow or carry in different positions. Consequently, WCE is considered a type of WBAN that necessitates high data rates for high resolution video transmission to transmit the medical data. Thus, it requires the WBAN requirements, namely, 1) limited transmission range (0.01-2 m); 2) support of scalable data rate ranging from 1 kbps to several Mbps; 3) very low power consumption in sleep mode (0.1-0.5 mW) for longer battery life; 4) low latency; 5) light-weight devices; and 6) quality-of-service support for superior management of critical physiological signals [43] . The WCE captures images of the intestine through its attached camera and transmits the same to the computer's receiver (or outside sensors) for further analysis and diagnosis. For example, the RF-based positioning and localizing approach has two-step estimation process to find the position, namely 1) to guess the environmental coefficients, which are associated to the transmitter position including the ToF relative permittivity or RSS-based techniques path-loss coefficient, with a priori data on the environmental coefficient of medium or each organ, and 2) to uses the estimated parameters to successively guess the position based on a proper localization and tracking procedure.
Acquiring accurate capsule's orientation and location during the capsule movement through the GI track is one of the most critical problems due to several reasons, such as the following.
1) The capsule position does give information about the tumors/bleeding location, or any other problematic matters in the GI tract. 2) It is nearly impossible to find solutions to other CE problems without position information, such as capsule tracking or the capsule working time for potential targeted drug delivery, and frame rate adaption for video transmission. 3) It is supportive to define the capsule insertion path to eliminate the invasive endoscopy repetitive attempts. 4) Localization is vital to develop active actuation systems. 5) Orientation-and location-based path reconstruction allows several microrobotic surgeries and exposes the undefined interior small intestine environment to researchers for educational objectives. and 6) Precise localization enables energy saving and transmission power control by turning the capsule device ON and OFF. Presently, most the commercial software packages only offer 2-D capsule route tracking [44] . Consequently, further research is required in localization algorithms and technologies of the WCE.
For positioning problem, there are several algorithms to determine the orientation and location of the attached sensor to the WCE. The RF-signal-based location estimation approaches are promising due to their cost effectiveness and simple implementation. Consequently, these RF-based procedures have been exploited in the M2A biomedical capsules, MicroCam and SmartPill. Compared to DOA-, AoA-, and RSS-based approaches, the ToF-based methods provide higher accuracy. Nevertheless, the human body intense absorption as well as the relative permittivity variations and uncertainties lead to errors in the ToF estimate. Moreover, the 402-405 MHz limited bandwidth in consistent with the Medical Implant Communication Services inhibits the accurate ToF measurements [45] .
In the M2A WEC, a transmitter inside the WEC sends data to the receivers' set that positioned on the patient's abdomen for commercial localization. Data location is calculated based on the strongest signal received by the capsule receiver from the closest receiver. However, due to low accuracy of 3.77 cm, this approach is not widely used [46] . Moreover, the time-based TDoA and ToF methods are unrealizable for near-field applications owing to the radio waves high speed of 3×108 m/s. Thus, highly accurate synchronized clocks of nanosecond level are essential to offer a 30 cm localization resolution [47] . Likewise, in the GI tract conditions, the AoA methods are inappropriate due to their low accuracy level in the indoor environments. Hence, none of the tracking and localization studies can offer an absolute solution to resolve the WBS positioning problem. However, due to the low implementation cost requirements and the several merits of the RF-signal-based positioning approaches, they are preferred in numerous commercial wireless biomedical capsules, such as the M2A, MicroCam, and SmartPill [45] , [46] .
Generally, unique problems occur for localization inside the human body due to its complex structure including the uncertain/variable signal propagation velocities, the peristalsis movement, and the strong absorption of human tissue as well as the shadowing effects and path-loss parameters in the entire human body. Additionally, due to multipath effects triggered by the refraction at the human organs and tissues boundaries, detailed ToF and RSS models are complex; subsequently the signals received from the body-mounted sensors are distorted [47] . Consequently, alternative approaches based on hybrid techniques can deliver more accurate simultaneous orientation and location estimates, including fusion of video-based techniques and RF electromagnetic signal [48] , fusion of magnetic-field-based and RF electromagnetic signal techniques [49] or fusion of other sensing modalities.
Several attempts have been made during the past few years to improve the localization technique's accuracy for the WCE [16] , [40] , [50] . Nevertheless, the existing localization techniques are not capable of offering precise WEC position information due to the nonhomogeneous characteristics of body tissues and ununiform body organ distribution. Researchers are thus inspired to use computational vision methods, such as scale-invariant feature transform and speeded up robust features for tracking the video capsule motion to complement the prevailing wireless localization infrastructures. Moreover, other future work aspects can include: 1) reconstructing the GI tract using the emitted images from the WCE; 2) enhancing the visual motion tracking procedure in companion with GI tract animation; 3) combining numerous ranging and tracking approaches to achieve novel hybrid localization methods; and 4) developing advanced solutions for power management in the WCE. In order to localize the RF source, such as the WCE inside the human body, Chandra et al. [51] proposed a phase difference based technique using a nonlinear least squares and arrival estimation. The phase difference of a signal arriving at multiple frequencies was employed to estimate the distance of the source to a receiver. In order to estimate the source initial position, linear least squares estimation was utilized followed by a nonlinear least squares technique to increase the localization accuracy. The position estimation error was in the order of 1 cm. Thus, this proposed method was efficient for the localization of an RF source inside the human body in the case of high signalto-noise ratio (SNR). Consequently, decreasing the noise in the WCE is essential to allow superior localization in the case of low SNR.
Bao et al. [52] developed a novel image processing approach for motion tracking of the EC. The work proposed a displacement analysis of the feature points between successive images to be captured while moving through the GI tract. For performance validation, virtual cylindrical tubes similar to the small intestine were used with virtual camera placed inside the tube to imitate the video capsule transition. The proposed technique established its ability to precisely estimate the tilt, linear transition, and rotation of the VC. Thus, as a future perspective, this proposed method can be improved to estimate the nonlinear transitions as well to localize abnormalities. Aziz et al. [53] carried out a novel geolocation estimation method to obtain the position of a single unknown radio wave emitter. The proposed work derived a closed-form expression of the Cramer-Rao lower bound for DOA. An advantage of this method is that it does not necessitate high computational complexity. Hence, it is recommended to apply the same procedure for DOA estimation of the WCE.
Based on the preceding studies, higher frequency bands tolerate higher transmission bandwidth between the antenna array receiver and the WCE. Nevertheless, this leads to higher penetration loss that causes low DOA estimation performance and poor SNR. The tradeoff between the DOA estimation performance and the higher frequency bands' has an impact on the resolution of DOA becomes an emerging research aspect. In order to increase the directivity of the antenna beam pattern and to improve the resolution of DOAE, a large number of antenna arrays can be used. Furthermore, the DOA/TOA error statistics have a great impact on the localization performance of the WCE including the correlation between the TOA/DOA errors and the WCE's spherical positioning error, which is a challenging aspect for researchers. Furthermore, the influence of the irregular human body geometry on the signal transmission comprising the signal refraction can be considered for further investigations. Another research direction is employing distributed antenna array or other antenna configurations in the capsule design to allow free movement for the patients during the endoscopy examination process [1] . In addition, effective DOA localization and tracking techniques [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] can be employed to support the WEC system. Recently, developing algorithms to estimate the camera motion for accurate localization of the CE within the GI tract using visual features have become very challenging.
Generally, one of the critical factors that affect the WCE localization is the structure of the antenna array. Hu et al. [69] depicted that large number of antennas (sensors) and optimal localization algorithm lead to a higher accuracy of the orientation and position tracking procedure. Nafchi et al. [70] achieved high performance DOA-/TOA-based endoscopy capsule localization and tracking by using 2-D circular arrays, where the emitter sent a signal to the WCE, which in turn replied the signal back to the antenna arrays (2-D circular array). Afterward, the round trip TOA and the DOA of the signals transmitted from the emitter to the WCE have been measured. Afterward, Nafchi et al. [71] The results established that the extended Kalman filter (EKF) achieved the position root mean square error of 2 cm or lower measurements with antenna array configuration of more than 12 antenna arrays. However, the accuracy enhancement becomes less significant (less than 2 mm) if the number of antenna arrays was higher than 16. Consequently, the optimal number of antenna arrays was 16. Moreover, in the antenna array system, higher computation complexity should be considered when large numbers of antenna arrays or TOA/DOA measurements are used for localization. This study depicted that the antenna array arrangement has minimally impacted the overall WCE localization accuracy performance. Furthermore, larger number of antenna arrays improved the position estimation performance of the WCE. This has opened up the way for researchers to study and develop new sensor arrays in order to increase the localization accuracy of the WEC. Finally, other ingestible GI sampling devices future directions have been reported in [72] as well as localization challenges [73] .
X. CONCLUDING REMARKS
Traditional wired endoscopic devices are used for stomach and colon inspection. However, CE is a significant medical device for investigating the small bowel, where the WCE offers visual inspection of the whole GI tract. The WCE has revolutionized the diagnostic process of small bowel diseases. Thus, it becomes the leading screening system for the entire GI tract. The WCE is considered as a promising system that overcomes the limitations of the traditional diagnosing equipment including comfortlessness due to cables and the incapability of investigating small intestine sections. In order to enhance the WCE, computational techniques can be implemented for accurate capsule localization and tracking. Accurate knowledge of the WCE position indicates the abnormality position has a fundamental role for different reasons, including accurate localization of lesions and automated CE navigation.
Typically, the WCE system includes developments to manage the capsule instantaneous localization process. The received signal transmission and attenuation are examined using an antenna array in the human body environment. Additionally, the connotation between the capsule location, capsule's transmitter position, signal reduction, and the capsule direction are also assessed. Several localization techniques have been addressed, including magnetic-based localization, image-based localization, DOA-based localization, TOA-based localization, and RSS-based localization.
The DOA estimation consists mainly of two independent supportive distributed sensor arrays representing the in-body sensory and body-mounted devices. The localization error impact because of the sensor device's arbitrary movement as well as the body surface movement is considered in the localization problem formulation. In the WCE, it is significant to identify the electromagnetic wave direction that approaches the sensors that emitted by the in-body WEC. Thus, several DOA estimation algorithms can be developed with limited array size by considering the radio waves generated by the in-body sources. The WCE localization accuracy investigations concerning the WCE video motion tracking in the large intestine, tracking algorithms for a wide range of relative displacements and rotation angles, the TOA-or the PDOA-based ranging inside the human body are the main recent challenging areas. DOA estimation techniques of the BANs can be used to support the WCE.
State-of-the-art research works clinically promise practicable intelligent algorithms to reduce the diagnostic errors, to localize the abnormalities, to assess the intestinal motility, as well as to provide enhanced video quality and WCE localization. Recently, with the massive volume of the WCE data, big data and cloud technologies will become critical for efficient data management.
